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Hydrogen Bonding in the Mixed HF/BUneris It Better
to Give or Receive?

Sarah NJohnson and GregorylSchumper*

The CIH FH and FH CIH configurations othe mixed HF/ more than 4 cfh for the complexation induced HF frequency
HCldimer (where the donor acceptor notation indicates #tgftsThe CCSD(T@lectronic energies obtained with the larg-
directionality dhe hydrogen bondjs wellas the transition est basis set indicate that the barrier height is 0.4®Ktal
state connecting the two configurations have been optimaretithe FH CIH configuration lies 0.19 kealf' below the
using MP2 and CCSD(Wjith correlation consistent basis sefdH FH configurationWhile only modestly attenuating the
as large as aug-cc-pV(5 1 d#Zmonic vibratiorfeéquencies barriertheightthe inclusion oéitherthe harmonic oanhar-
confirmed that both configurations correspond to minima2@iC zero-pointvibrationaknergyeffectivelynakesboth

that the transition state has exactly one imaginary frequéhi@jma isoenergetiwith the CIH FH configuration being

In additioranharmonic vibratiofreiquencies computed witower by only 0.03 kaaof*. ¥ 2018 Wiley Periodicérts,
second-order vibratiopafturbation theory (VP&2¢ within

6 cn?! of the available experimensdlies and deviate by ndO!l: 10.1002/jcc.25157

Introduction In addition to these experimental studies, a variety of theoreti-

) ) ) cal investigations have examined both configurations of this sim-
The dimers resulting from the mono-hydratiblff ehd HCI ple heterodim&7-22Early self-consistent field (3GRtree-

exhibit only a single low energy configuration, where theﬁwmﬁ“skomputations by Kollman and co-workers com-
gen halide donates the hydrogen bond tdWdbemer con- pared different proton donors and acceptors to characterize the
figurations in which HF or RiCkcepts a hydrogen bond fromyriantation and strength of hydrogen bomidgevealed that
water have not been observed experimentally and do not@ Rsctronic energy of the FH CIH configuration was approxi-
spond to minima when characterized sufficiently with I’ObM%ttew 1 kcahoP® higher in energy than that of the CIH FH
electronic structure metH&d#This information indicates thabnfiguratidd’ 1%'A subsequentheoreticainvestigation in
although HF and HCl are good hydrogen bond donors, thgy8®aly Latajka and Schéidecluded post-HF computations
not be the best hydrogen bond acceptssuchthe HF/HCI  with second-order Mgller-Plesset perturbation theoty’{MP2).
mixed dimer is an interesting system because hydrogen fFaagde computations indicated that the two configurations were
formation requires one of the fragments to accept a hydrggenergetic (within 0.1 kcdt i addition, a transition state
bond from the otheDespite exhaustive work on the relatetbnnecting the two configurations was identified and found to
(HF) and (HChH homogeneous dimérsi}the mixed HF/HCI be approximately 0.5 kcathidgher in energihe CIH FH
dimer has received relatively little attention. This heterogark6Hs CIH configurationsemained isoenergetic aftdwe
dimer was first characterized in 19'buy only the CIH FH zero-point vibratiomalergies (ZPVEs) were included from SCF
configuration was detected in the microwave specttheof harmonic vibrationfaéquency computatiofrs.contrastthe
moleculaibeam electricesonance experimenfwhere this molecular mechanics for clusters (MMC) method developed by
donor acceptomotation has been adopted in this study téugspurger and Dykstra indicated that the FH CIH configura-
clearly indicate the directionality of the hydrogenMorel). tion was appreciably lowéar energy whethethe harmonic
than a decade lateFraserand Pine observed nobnly the ZPVE was included avot (by approximately 0.3 and 0.7 kcal
CIH FH configuration but also the FH CIH configuration imoF?*, respectivel?f) That study also identified the corre-
the microwave and infrared (Bpectra ofmoleculabeams sponding transition state with a barrier height of 0% kcal mol
formed by expanding a mixture of HF and HCI if*&Then. This study builds on the important work outlined in the pre-
authors inferred that the CIH FH configuration was lower\ii9us paragraphs and provides reliable relative energetics for
energy than the FH CIH configuration based on the relative
strengths of hyperfine tranSiHBhs'lgngdejans and Mil- g:lpi??n:sec:; gfn(dj:-;sig?rl;/rgﬁﬁrBioché}nniieetry,jty of Mississippi,
ler measured the dissociation energyoffithe mixed dimer universityississipB8677
using vibrationptedissociation spectros¢dP¥he [ of the  E-mailtschumpr@olemiss.edu
CIH FH configuration was determined to be 64§1Cfﬂ1.84 Cor)trapt grant sponshNationabcience Foundation Officdrdfegrative

. \ ActivitiesContractgrant number: 1430364 Contractgrant sponsor:
keal m&ll)'however theddor the FH CIH configuration WaS National Science FoundationDivision of ChemistryContractgrant
not reported because it dissociates via a different pathwayuhbérst 338056;664998
complicates such measureri@hts. ¥ 2018 Wiley Periodickis,
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CIH FH configuration has HG@cting as the hydrogen bond

donorwhile HF acts as the acceptehereas the situation is

reversed fothe FH CIH configurationThe structure ofthe

transition state closely resembles a parallelogram but is techni-

cally an irregular convex quadrilatesametricglarameters

for the differentconfigurationand the transition state are

reported in Table The intermolecular distances (R(H A) and

R(D A) in Table 1where A stands for acceptor and D stands

AE for donor)obtained from MP2 and CCSDépkimizations are

remarkablyimilarand in good agreement with available

Figure 1.Depiction ofthe structuresnd energetic quantitiessociate €XPerimentahtermoleculatistances (within 2%¥ long as

with the mixed HF/H@Imer[Color figure can be viewed at wileyonlineX-5 TQ or 5.Deviations are somewhat larger for the intermo-

brary.com] lecular anglebut that is not too surprising given the floppy
nature of the system and some of the approximations invoked

the two configurations tfie mixed HF/HGlimeras wellas  to obtain the experimentally inferred geometeaimeters.

the transition state barr|h6|ghtThe CCSD(TmethOd and A|though no experimentatramo|ecu|ar distances (Raﬁd)

large correlation consistent basis sets are used to compupg@iefyin Table 1) are availablethe corresponding values

only electronic energies near the complete basis set (CBYblgiifed from MP2 and CCSD(Bptimizationsifferby no

but also optimized geometrigsrmonic vibrationequen- more than 0.5% forboth configurationand the transition

ciesand anharmonic vibratiorfaéquencieslo the best of  state when X 5 @, or 5.

our knowledgethe results presented here includeh@)first  Energies relative to the CIH FH configuration are depicted in

anharmonic vibratioralalysis with ab initio electronic struggure 1 and reported in Table 2. The energy difference between

ture methods(ii) the firstab initio harmonic vibratiorfed- the CIH FH and FH CIH configurations is given by the DE

quencies beyond the SCF levéktheory and (iihhe firstab  term,while DE represents the energy difference between the

initio relative electronic energiesyond the MP2 computa- transition state and the CIH FH configurafibe.electronic

tions from Latajka and Sché&hor this important hydrogerenergy of the FH CIH configuration is lower than the CIH FH

bonding prototypeThe data presented here anchotlsese configuration by approximately 0.2 kéalwhen X 5 TQ or

three key stationary points on the poteetiatgy surface of 5 with either the MP2 or CCSDiffdthod as indicated by the

CIH-FH

the HF/HCHimer system. DE. values in the DE columnsTable 2 The ZPVE effectively
eliminates the energetic separation of the two miakirey
Methodo|ogy both configurations essentially isoenergetic when either the har-

] ] ) . monic or anharmonic ZPVEs are includeth&.B§ and DE
Both configurations of the HF/HCI dimer and the transitiogstak€ in Table @spectively{gCSD(T) computations with the

connecting the two have been optimized usifg'¥R2the pa(q 1 d)Z and ha(5 1 d)Z basis sets indicate that the FH CIH
CCSD(Troupled clustemethod thatincludes alkingle and - o figuration is only 0.03 kaalt® higher in energy than the
double substitutions as weela perturbative estimatdlé |y FH configuration when anharmonic ZPVEs are included.
connected triple substitutiéh&’With a series oforrelation For the transition staté (@Eimns of data in Table 2), the MP2
consistent basis sets augmented with diffuse functions og|geflonic energies indicate titalies about0.5 kcalmof?
hydrogen atoms and an extra set of tight d functions for ghleyéehe CIH FH configuratidhis electronic barrier height
(cc-pVXZ foH, aug-cc-pVXZ foF, aug-cc-pV(X 1 d)Z f@t, (DE) is slightly smalldf.4 kcamoP?) at the CCSD(T)evel

where X 5 DT, Q and 5;denoted ha(X 1 dj29:**Harmonic of theoryBoth harmonic and anharmonic ZPVEs attenuate the
vibrationdrequencies confirmed that both configurations isarrier to a small degree.

respond to minima and that the transition state has exactlylatsie 3 reports the dissociation energiestfoth minima
imaginary frequency on both the MP2 and CCSifBntial computed with the ha(5 1 d)Z basis\8&th this large basis
energy surfacémharmonic vibratiofrélguencies were comset,the Boys-Bernardounterpoise procedure (CRkcreases
puted using MP2 and CCSD(With second-orderibrational the MP2 and CCSD(Tglectronic dissociation energy) (l-
perturbation theory (VPT}No Fermior Darling-Dennison ues by no more than 0.1 kaab?*. The counterpoise proce-
resonances were detected at anydétieéory for either con-dure has an even smalleffect( 0.04 kcal moP!) on the
figuration othe transition stat®3The MP2 optimizations relative dissociation energié3D) which suggestghat the

and harmonic vibratiofrelquency computations were carrib@(5 1 d)Z energetics reported here are close to the CBS limit,
out with Gaussiad®Ywhereas allCSD(T) computations andvhere the inconsistency commonly referred tdbasisset

VPT2 analyses were performed with GROUR. superposition error (BSSE) vanishes by defihi¢ibmrmonic

or anharmoniZPVEsdecreasethe dissociation energhy
slightly more than 1 kcabP!. The MP2 and CCSD(T} al-

ues of1.87 and 1.81 kcaloP?!, respectivelgre in excellent

The two different configurationstioé mixed dimeand the agreement with the 1.84 knaf® experiment#l, obtained
transition state connecting them can be seen in Fidliire 1 for the CIH FH configuration by Oudejans and Miller.

Results and Discussion
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Table 1.Geometricplarameters (distances ‘I’% &ngdles h in degrees and the average rotatiost@nts B and B¢) in MHz) for the different
configurations of the mixed HFd#it@kr and the transition state (TSL1)YRidere D and A denote the halogen atoms associated with the
bond donor and acceptaspectively.

hydrogen

Config. Levelof theory R(FH) R(CIH) R(H A) R(D A) h(D A-H) Bk
CIH FH MP2/ha(D 1 d)z 0.926 1.287 2.07 3.35 119.6 3479
MP2/ha(T 1 d)Z 0.924 1.277 2.06 3.32 116.0 3537
MP2/ha(Q 1 d)z 0.921 1.277 2.04 3.31 116.3 3568
MP2/ha(5 1 d)Z 0.920 1.277 2.04 3.31 116.3 3573
CCSD(T)/ha(D 1 d)Z 0.925 1.290 2.10 3.38 119.5 3412
CCSD(T)/ha(T1d)zZ 0.923 1.280 2.08 3.35 115.2 3490
CCSD(T)/ha(Q 1 d)Z 0.920 1.280 2.06 3.33 115.3 3523
CCSD(T)/ha(5 1 d)z 0.919 1.280 2.06 3.33 115.2 3528
Experiment[s] - - 2.08 3.37 130.0 3422
FH CIH MP2/ha(D 1 d)z 0.929 1.285 2.38 3.30 90.4 3673
MP2/ha(T 1 d)Z 0.927 1.275 2.31 3.23 90.7 3825
MP2/ha(Q 1 d)Z 0.924 1.275 2.32 3.23 89.8 3828
MP2/ha(5 1 d)Z 0.924 1.274 2.31 3.23 89.5 3839
CCSD(T)/ha(D 1 d)Z 0.928 1.289 2.40 3.32 91.0 3634
CCSD(T)/ha(T 1 d)Z 0.926 1.279 2.32 3.24 91.1 3795
CCSD(T)/h@(1 d)Z 0.923 1.279 2.33 3.24 89.9 3796
CCSD(T)/ha(5 1 d)Z 0.922 1.278 2.33 3.24 89.6 3806
Experiment[s] - - 2.36 3.28 93.0 3710
792! MP2/ha(D 1 d)Z 0.927 1.286 2.53 3.25 55.2 3798
MP2/ha(T 1 d)Z 0.924 1.276 2.44 3.23 56.2 3840
MP2/ha(Q 1 d)Z 0.921 1.276 2.41 3.22 57.4 3861
MP2/ha(5 1 d)Z 0.921 1.275 2.40 3.21 57.4 3875
CCSD(T)/ha(D 1 d)z 0.925 1.289 2.53 3.26 56.6 3771
CCSD(T)/ha(T1d)Z 0.923 1.279 2.44 3.23 56.9 3832
CCSD(T)/ha(Q 1 d)Z 0.920 1.279 2.41 3.22 58.4 3854
CCSD(T)/ha(5 1 d)Z 0.920 1.279 2.40 3.22 58.4 3868

[a] The TS data corresponds to when Rrid@ 5 F.

The harmonic vibratiofrequencies for both configuratioma(Q 1 d)Z and ha(5 1 d)Z frequencies i€ fomboth the
and the transition state are reported in the supplementatP2 and CCSD(Tmethodsln light ofthese smaldleviations
informationThe imaginary mode dfe transition state has aand the computationalemandsof the CCSD(T)/ha(5 1 d)Z

magnitude of 137 ¢hmat the CCSD(T)/ha(5 1 d)Z lefrtthe-
ory and corresponds to the in-plane rocking motiobodh
hydrogensyhich leads downhiib eitherconfiguratiorHar-
monic frequenciegsomputed with the ha(Q 1 d)Z basiet

Hessianghe CCSD(T)/ha(Q 1 d)Z VPT2 results are being used
as proxies for the corresponding ha(5 1 d)Z vidieesnhar-
monic frequencieand IR intensitiesfor both minimaare
reported in the supplementarpformation along with the
neverdeviate by more than 6 &h from the corresponding complexation induced donor and acceptor frequency shifts.
ha(5 1 d)Z valuésr the eighteen modes associated with thed comparison to the available experimemtialstretching
three structureshe average absolute deviation between thiequencies (rahd shifts induced by hydrogen bond forma-
tion (Dmare given in Table 4kor the CIH FH minimum in
which HF acceptshe hydrogen bond from HCthe anhar-
monic CCSD(T)/ha(Q 1 d)Z frequencies from the VPT2 compu-
tations are within 2 ¢ of the experiment#F stretching

Table 3.Electronic dissociation energigs {amoP!), counterpois
corrected electronic dissociation energfiés kbamoF?), zero-point
corrected dissociation energies using harnjani&¢@mof?!) and
anharmonic ¢n kcamoP?!) vibrationdtequenciesnd relative disg
ciation energies (DD in kaaf') characterized with the ha(5 1 d
basis set.

N ©

MP2 CCsD(T)
CHFH FHCH DD CIHFH FH CIH DD
D. 2.84 3.01 20.17 2.76 2.95 20.19
DEP 2.78 291 20.13 271 2.88 20.17
Dj 1.71 1.66 10.05 1.63 1.61 10.02
Do 1.87 1.81 10.06 1.8%! 1.781  10.03%

Table 2.Relative electronic energies €D zero-point corrected
relative energies using harmonﬂd 8DH anharmonic (DE&ibrational
frequenciesyhere aljuantities are in kcad?! and relative to the
CIH FH configuration.
MP2 CCSD(T)
Basis set DE DE DE DE
ha(D1d)Z Dk 10.09 10.61 10.02 10.54
DE 10.29 10.44 10.24 10.43
DE 10.30 10.49 10.24 10.49
ha(T1d)Z Dk 20.19 10.53 20.22 10.45
DB 10.07 10.34 10.05 10.33
DE 10.06 10.38 10.02 10.39
ha(Q1d)Zz Dk 20.16 10.50 20.19 10.41
DB 10.06 10.34 10.03 10.31
DE 10.06 10.36 10.03 10.37
ha(51d)Z Dk 20.17 10.48 20.19 10.40
DB 10.05 10.34 10.02 10.25
Dk 10.06 10.36 10.032! 10.362!
[a] Anharmonic correction from ha(Q 1 d)Z.

[a]l Anharmonic correction from ha(Q 1 d)Z.
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Table 4.Harmonic vibratiofiedquencies Lin cnft) and VPT2
anharmonic correctiorf8Nih cnf!) at different levels of theory afe
combined to obtain anharmonic vibrabBrsatetching frequencies
(m in cf) and complexation induced anharmonic HF frequency
(Dm in cth).

daenh m

Harmonic Dm

CIH FH
MP2/ha(Q 1d)Z  MP2/ha(Q 1 d)Z4106
MP2/ha(5 1 d)Z MP2/ha(5 1 d)Z 4106
CCSD(T)/ha(Q 1 d)aMP2/ha(Q 1 d)Z4116
CCSD(T)/ha(5 1 d)zMP2/ha(5 1 d)Z 4117
CCSD(T)/ha(Q 1 d)ZCSD(T)/ 4116
ha(Q 1d)z
CCSD(T)/ha(5 1 d)ZCCSD(T)/
ha(Q 1d)z

VPT2 Xe

2170
2171
2170
2171
2174

3936
3935
3946
3946
3942

227
228
217
215
221
4117 2174

3943 220

Experiment [15] 3940 221
FH CIH
MP2/ha(Q 1 d)Z MP2/ha(Q 1 d)Z24008
MP2/ha(5 1 d)Z MP2/ha(5 1 d)Z 4008
CCSD(T)/ha(Q 1 d)aMP2/ha(Q 1 d)Z4032
CCSD(T)/ha(5 1 d)zMP2/ha(5 1 d)Z 4031
CCSD(T)/ha(Q 1 d)ZCSD(T)/ 4032
ha(Q 1d)z
CCSD(T)/ha(5 1 d)ZCCSD(T)/
ha(Q d)z

2158
2159
2158
2159
2159

3850
3849
3874
3872
3873

2113
2114
289
289
290
4031 2159

3872 291

Experiment [15] 3867 294
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FH CIH configuration can be attributed to the harmonic
componentof the vibrationafrequencyln fact, the same
good agreement with the experiméiftaltretching frequen-

shifies and frequency shifts can be obtained by combining the

CCSD(T)harmonicfrequenciesvith the anharmonicorrec-
tions from MP2 VPT2 computations.

The CCSD(T)/ha(Q 1 d)Z anharmonic vibratspedtra for
both configurations can be seen in Figure®ertones and
combinationbands with up to three vibrationalquanta
(il m5 3) are included in the spectra and also tabulated in
the supporting informatidtowevennost do not have suffi-
cient IR intensity to be visible on this Jdteagovertone at
537 cmd! has the greatesintensitybut is still only 30 km
moP!. Both configurations have numerous low-energy funda-
mentamodes under 500 étwith more significant IR inten-
sities on the order of 100 km%hdflowever;he HF and HCI
stretching modes between 2800°¢nand 4000 crit have
the largestintensitiesor both configuration§100-300 km
moP!).For the CIH FH configuration the HF and dti&tch-
ing modes have similar intensiiibere the FH CIH config-
uration showcaseshe HF stretchingmode as the most
intense peak which is three times latban any other peak
in eitherspectrumit is importanto note thatthe peaks in
the simulated spectra shown in Figure 2 were generated by

frequency.Interestinglythe correspondingMP2/ha(Q 1 d)z overlapping Lorentzian functions with aviidith halfmaxi-
and MP2/ha(5 1 d)Z anharmonic frequencies are quite sifflkgin value of 4 cth whereas the experimenteaks exhibit

and lie within 5 cfh of the experimentahlueThese devia-

significanbroadening from vibratiomaedissociation as dis-

tions from the experimerthlstretching frequency are someussed in detdil the last section of Réf5]

what largerwhen HF donatesthe hydrogen bond in the
FH CIH configurationThe CCSD(T)/ha(Q 1 d)Z redalstill

within 6 crA?, but the differences grow as large as 18%m

for the anharmonidP2 frequenciexomputedwith the
ha(Q 1 d)Z and ha(5 1 d)Z basis sets.

To shed more light on this situatidre harmonic (xand
anharmonic &) components ofhe VPT2 frequencies hav
been listed separately in TabWith the ha(Q 1 d)Z basis s
the MP2 and CCSD(T)anharmonicontributionso the HF
stretching frequencies are nearly iderfoacdhe more chal-
lenging HF donothe d"" terms differ by only 1 émwhich
indicateghe large MP2 deviation$rom experimenin the

300 — CIH-FH FH-CIH

=~ 250¢
2 200,
E ..
< 150F !
E. |
Z 1000 | :
& Edy

0_ oL, G R LSS | RS .

0 1000 2000 3000 4000

Frequency (cm™)

Figure 2.Simulated anharmonic vibratispattra ofboth the CIH FH
and FH CIH configurationat the CCSD(T)/ha(Q 1 d)Z lewéltheory.
[Color figure can be viewed at wileyonlinelibrary.com]
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:tﬁ:und by almost3 kcal mof! nearthe CCSD(T)/CBS limit.

Conclusions

This work provides the firdiorough characterizationtbfs
system (via fulgeometry optimizatiorsd vibrationafre-
quency analysesjith correlated ab initio methods and large
basis setdBoth configurations tdfe mixed HF/H@imer are

e CCSD(T)/ha(5 1 d)Z electrodissociation energiesre
2.76 kcalmoP! for the CIH FH minimum and 2.95 kcal
moP?! for the FH CIH minimunThe values decrease by 0.05
and 0.07 kcamoP! respectivelyyhen the CP procedure is
applied.The relative CCSD(T)/ha(5 1 d)Z electramergies
show that the FH CIH configuration is lower than the
CIH FH configuration by 0.19 koabf! and that the transi-
tion state is 0.40 koadf® higher than the CIH FH configu-
ration. Howeverthe inclusionof eitherthe harmonicor
anharmoni&PVE makesboth minimaisoenergetid¢within
0.03 kcahoP?! of each other according to the CCSD(T) results
obtained with the two largest basis 3¢is)ZPVE corrections
also decrease the barrigneightby approximatel9.1 kcal
moP!. The CCSD(T)/ha(Q 1 d)gZfér the CIH FH configura-
tion deviatefrom the experimentafalu&® by 20.03 kcal
moP!. The CCSD(T)/ha(Q 1 d)Z anharmonic frequenaigs
complexation induced frequency shifts differ by no more than
26 cm?® from the experimentadlue$t>!To concludethese
computations indicate thatere is a slightelectronic prefer-
ence for HF to donate and HGlaccept a hydrogen bond in
this mixed dimefFhat proclivity vanishesweverwhen the
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